In this study, we show that partial mitochondrial DNA (mtDNA) depletion (mitochondrial stress) induces resistance to staurosporine (STP)-mediated apoptosis in C2C12 myoblasts. MtDNA-depleted cells show a 3-4-fold increased proapoptotic proteins (Bax, BAD and Bid), markedly increased antiapoptotic Bcl-2, and reduced processing of p21 Bid to active tBid. The protein levels and also the ability to undergo STPmediated apoptosis were restored in reverted cells containing near-normal mtDNA levels and restored mitochondrial transmembrane potential. Inhibition of apoptosis closely correlated with sequestration of Bax, Bid and BAD in the mitochondrial inner membrane, increased Bcl-2 and Bcl-X L , and inability to process p21 Bid. These factors, together with the reduced activation of caspases 3, 9 and 8 are possible causes of mitochondrial stress-induced resistance to apoptosis. Our results suggest that a highly proliferative and invasive behavior of mtDNA-depleted C2C12 cells is related to their resistance to apoptosis.
Introduction
In addition to their functional roles in cellular energy production and Ca 2 þ homeostasis, mitochondria in mammalian cells have emerged as important players in the integration and execution of the intrinsic apoptotic pathway. [1] [2] [3] [4] [5] [6] Mitochondria amplify the apoptotic signals by releasing proteins such as cytochrome c and Smac from the mitochondrial intermembrane and matrix compartments, respectively, that together help execute the apoptotic signal. 7, 8 Release of cytochrome c (cyt c) is a critical step in the propagation of apoptotic signal in cells exposed to various physiological and pathological stimuli including UV radiation, increased [Ca 2 þ ] c , reactive oxygen species, serum withdrawal, immunosuppressive and other drugs, or anoxia. [9] [10] [11] The precise biochemical steps involved in the release of cyt c from mitochondria remain unclear, although the permeability transition pore (PTP) opening is thought to be a key step in this process. The PTP opening in turn is enhanced by the association of homo-or hetero-dimeric forms of proapoptotic proteins such as Bax, Bak, BAD, and Bid with the mitochondrial membrane, which is inhibited by antiapoptotic proteins like Bcl-2 and Bcl-X L 12 (see reviews). 5, 13, 14 It has also been suggested that mitochondrialtargeted Raf-1 kinase modulates the activity of proapoptotic proteins by phosphorylation, thereby rendering protection against apoptosis induced by intrinsic signals. [15] [16] [17] Some studies show a close association between the release of cyt c from mitochondria in response to apoptotic stimuli and collapse of mitochondrial transmembrane potential, DC m . 18, 19 These observations led to the belief that disruption of DC m is a necessary step in the release of cyt c, and thus execution of apoptosis. More recent studies using various established tumor cell lines, however, show that disruption of DC m either by mitochondrial DNA (mtDNA) depletion or by metabolic inhibitors alone is not sufficient for cyt c release and execution of apoptotic signal.
property of cells, 24 ,25 the present study shows that C2C12 rhabdomyoblasts and A549 lung carcinoma cells also acquire marked resistance to apoptosis in response to mitochondrial stress.
Since resistance to apoptosis is hallmark of cancer cells at advanced stages of tumor progression, and cells with acquired resistance to cytotoxic drugs, we investigated the mechanism of mitochondrial stress-mediated resistance to apoptosis in C2C12 myocytes. Our results show that although a number of proapoptotic markers, including Bax, BAD, and Bid are induced during mitochondrial stress, these cells are resistant to staurosporine (STP)-mediated cyt c release because of multiple factors including mislocalization of BAD, Bax and Bid to mitochondrial inner membrane compartment where they are not accessible for interaction with Bcl-2, and inability to process Bid.
Results
Resistance to staurosporine-induced cell death in mtDNA-depleted C2C12 cells Figure 1a shows the Southern blot analysis of mitochondrial DNA from control and mtDNA-depleted C2C12 cells. It is seen that mtDNA content of depleted cells is about 20% of control cells. The immunoblot in Figure 1b shows that consistent with the mtDNA contents, the levels of mitochondrial genome coded COX I protein in depleted cells is reduced by about 80-90% as compared to control cells. Cell cultures representing these mtDNA contents were used in all the experiments described in this paper.
STP, a general inhibitor of protein kinase, is also a potent inducer of apoptosis. As shown in Figure 2a , mtDNA-depleted C2C12 cells were generally resistant to STP-induced apoptosis (2 mM of STP for 4 h). It is seen that only about 12-14% of cells are undergoing apoptosis (middle panels), compared to 480% cells in control untreated cells (top panels) as measured by TUNEL assay. Cells undergoing apoptosis uniformly exhibited condensed nuclei and also more dispersed nuclear staining indicative of extensive DNA strand breaks. Interestingly, reverted cells in which the mtDNA content is brought back to nearly 90% of the normal cell level show STP-induced apoptosis closer to the control cells (465%). These results show that resistance to apoptosis in these cells is directly linked to mitochondrial stress due to reduced mtDNA content.
We further evaluated the effect of STP on cyt c release in control and mtDNA-depleted cells by immunohistochemistry using antibody to cyt c. Immunohistograms in Figure 2b show a time-dependent release of cyt c into the cytosol of control cells treated with STP as depicted by the diffused staining pattern as opposed to staining of punctate mitochondria-like structures in cells not treated with STP. In control cells treated with STP for 2 and 4 h, there was a gradual reduction in the size of nuclei as well as the cytoplasmic compartment. In contrast, mtDNA-depleted cells (lower panel) were relatively refractory to the apoptotic effects of STP. Both the staining of granular structures and the size/shape of nuclei remain relatively unaltered in mtDNA-depleted cells even at 4 h of STP treatment. Immunoblots in Figure 2c essentially support these observations. It is seen that the levels of both cyt c and Smac in the cytoplasmic compartment increased sharply in control cells treated with STP compared to cells not exposed to the drug. In mtDNA-depleted cells, however, STP treatment failed to cause an increase in the cytoplasmic levels of both cyt c and Smac. Immunoblots with antibody to cytosolic marker protein actin, and mitochondrial-specific marker protein Adx (last two panels) indicate the relative purity of the subcellular fractions. Adx is a nuclear coded mitochondrial matrix protein whose content does not vary in response to mitochondrial stress. These results together show that mtDNA-depleted C2C12 cells are relatively resistant to STP-mediated apoptosis.
Effect of STP on mitochondrial membrane potential
As shown in our previous studies, [23] [24] [25] the mtDNA-depleted C2C12 myocytes and A549 cells exhibited markedly reduced DC m and respiration-driven ATP generation. In the present study, we investigated the effect of STP treatment on DC m of normal and mtDNA-depleted cells (Figure 3 ). The mitochondrial membrane potential as measured by fluorescence of MTO dropped steadily at 2 and 4 h of treatment of cells with STP (Figure 3a) . At 6 h of STP treatment, there was a small recovery of DC m . The mtDNA-depleted cells, on the other hand, showed a consistently low MTO uptake both before and after STP treatment (Figure 3b Mitochondrial DNA contents and mitochondrial encoded protein levels in control and mtDNA-depleted cells. (a) Southern blot hybridization of mitochondrial DNA. Indicated amounts of total cellular DNA digested with Bgl II were subjected to Southern blot hybridization with 32 P-labeled mouse COX I/ COX II DNA probe. Hybridization conditions were as described before. 23 (b) Immunoblot analysis of total mitochondrial protein (30 mg each) from control and mtDNA-depleted cells using COX I-specific monoclonal antibody. The blot was stripped and reprobed with antibody to mitochondrial-specific marker protein, Adx to assess the levels of proteins loaded Resistance to STP-mediated apoptosis and activation of caspases in mtDNA-depleted C2C12 cells
Since treatment of control C2C12 cells with STP for 4 h showed markedly reduced DC m and loss of cyt c, in all subsequent experiments, this same STP treatment conditions were used for all cell types. As shown in Figure 4a , the mitochondrial contents of proapoptotic proteins, Bax, Bid and BAD were markedly increased in control and reverted cells following treatment with STP. The levels of these proteins in the cytoplasmic compartment were correspondingly reduced (results not shown), suggesting increased translocation to the mitochondrial compartment following STP treatment. In the case of Bid, there was also an extensive processing of 21 kDa precursor to active 17 kDa tBid (p17 tBid) in both the mitochondrial and cytoplasmic (results not shown) compartments. The latter is believed to be a required step for the propagation of extrinsic signal. In reverted cells, there was even a higher extent of Bid processing confirming a relationship between mtDNA content and p17 tBid formation in these cells. The mtDNA-depleted cells, and also control cells treated with CCCP, on the other hand, contained a generally elevated mitochondrial Bax, Bid and BAD. The cytosolic levels of these proteins were marginally elevated suggesting an overall cellular increase in the steady-state levels of these proteins under mitochondrial stress conditions. Furthermore, in both mtDNA-depleted and CCCP-treated cells, STP treatment did not cause a significant increase of these proteins either in the mitochondrial or cytosolic compartments (the latter results not shown). In marked difference from the patterns with control and reverted C2C12 cells, however, mtDNA-depleted cells and also CCCP-treated cells showed no detectable processing of p21 Bid to p17 tBid even after STP treatment. The levels of Bcl-X S did not change significantly either by mtDNA depletion or CCCP treatment. STP treatment increased the level of Bcl-X S in both control and reverted cells. However, STP treatment caused a lower steady-state level of Bcl-X S in mtDNA-depleted and CCCP-treated cells. The relative levels of Adx used as loading control for the mitochondrial compartments, showed no significant change under these experimental conditions. Immunoblot in Figure 4b shows that the mitochondrial levels of antiapoptotic proteins Bcl-2, Bcl-X L and cytoplasmic level of Survivin were markedly increased in mtDNA-depleted cells as well as in cells subjected to chemical stress by treatment with CCCP. 23 The reverted cells showed significantly reduced, albeit higher than control cellular level of Bcl-2. However, similar to its proapoptotic product Bcl-X S , the levels of Bcl-X L did not increase in cells subjected to mitochondrial stress either by mtDNA depletion or CCCP treatment. In control and reverted cells, the mitochondrial level of Bcl-2 and Bcl-X L were reduced by STP treatment, but that of Bcl-X S was increased. In both mtDNA-depleted and CCCP-treated cells, Bcl-2 level was increased B3-4-fold, while the levels of Bcl-X L was marginally reduced by STP treatment. The cytoplasmic level of antiapoptotic protein, Survivin increased 2-3-fold in mtDNA-depleted cells, which returned to near-control cell level in reverted cells. However, the level of this protein was only marginally increased in CCCP-treated cells. Furthermore, similar to the levels of other antiapoptotic proteins, the level of Survivin was reduced by STP treatment in both control and reverted cells, but remained unchanged in mtDNA-depleted and CCCP-treated cells. Results in Figure 4a and b therefore, show that the steadystate levels of Bcl-2 and Survivin and also the extent of processing of p21 Bid were nearly completely reversed in reverted cells which respond to STP-mediated apoptosis. Reversibility of protein levels and processing activity in reverted cells suggests a direct relationship of these processes with mitochondrial stress.
To understand the mechanism of reversible resistance to STP-mediated apoptosis in mtDNA-depleted cells, we next investigated the steady-state levels of both upstream as well as downstream caspases and their activation. It is seen from Figure 5 that total cell extracts from control, mtDNA-depleted, reverted, and also CCCP-treated C2C12 cells contain comparable levels of intact procaspases 3, 9 and 8. Control and reverted cells treated with STP show faster migrating components characteristic of activated caspases. In the case of mtDNA-depleted and CCCP-treated cells, however, STP treatment did not cause activation of any of the three caspases tested. These results provide confirmatory evidence that mtDNA-depleted cells are unable to execute the STP-mediated apoptotic signal.
Topological orientation of proapoptotic proteins
Our results show that despite the general increase of proapoptotic proteins in the mitochondrial membrane compartment the mtDNA-depleted cells and CCCP-treated cells resist cyt c release and caspase activation when treated with STP. We therefore sought to examine the precise intramitochondrial location and membrane topology of proapoptotic proteins, Bid, BAD and Bax. Mitochondria from STP-treated and untreated cells were subjected to limited digestion with trypsin (30 mg/mg protein) to see if the proteins are loosely bound to the outer membrane or integrated in the membrane. Another set of mitochondrial preparations were treated with digitonin (75 mg/mg mitochondrial protein) to strip out the outer membrane for determining the distribution of proteins between the inner and outer membranes. As seen from Figure 6 , in both STP-treated and untreated control cells (left panel, lanes 1-6), Bax, Bid and BAD show protection against trypsin digestion (lanes 2 and 5). As observed in Figure 4a , STP treatment invariably increased the mitochondrial contents of all the three proteins. These results dispel the possibility that the proteins are loosely associated with mitochondrial outer membrane. Digitonin treatment of mitochondria from both STP-treated and untreated cells (lanes 3 and 6) vastly reduced the levels of all three proteins suggesting that they are mostly localized in the outer membrane. In the case of both mtDNA-depleted and CCCP-treated cells, however, all three proteins were resistant to digitonin treatment suggesting Figure 4a , there was no detectable p17 tBid in both mtDNA-depleted and CCCP-treated cells indicating a loss of processing activity. These results show a distinctly different membrane organization of the three proapoptotic proteins in cells subjected to mitochondrial stress either by mtDNA depletion or CCCP treatment.
Reduced phosphorylation of proapoptotic proteins in STPtreated cells is regarded as an important factor in proteinprotein interaction and heterodimerization of membraneassociated proapoptotic proteins. We therefore studied the level of phosphorylated BAD in STP treated and untreated control and mtDNA-depleted cells. In Figure 7a , immunoprecipitated BAD from the total mitochondrial membrane and cytoplasmic fractions was subjected to immunoblot analysis with anti phospho-Ser antibody. Results show that in control C2C12 cells, only the cytosolic BAD was phosphorylated at detectable level that was aborted by STP treatment. The mitochondrial membrane-associated BAD, in both STPtreated and untreated cells, was not phosphorylated. In the case of mtDNA-depleted cells, however, both mitochondrial and cytoplasmic BAD was phosphorylated at comparable levels, and STP treatment had no effect on the level of phosphorylation suggesting that these proteins are refractory to the action of protein phosphatase. As shown in Figure 7b , the inner membrane-associated BAD in mtDNA-depleted cells treated with or without STP was not phosphorylated. These results not only show an altered membrane topology, but also an altered phosphorylation pattern of proapoptotic proteins in cells subjected to mitochondrial stress. Results in Figure 7c show that AKT level is increased in mtDNA-depleted cells as a possible reason for phosphorylation of mitochondria-associated BAD protein.
Effects of overexpression of Bcl-2 and altered Bid processing on resistance to apoptosis Acquired resistance to apoptosis in cells subjected to mitochondrial stress may either be due to overexpression of antiapoptotic protein Bcl-2 or inability to process proapoptotic protein Bid. We investigated this possibility by assessing the effect of Bcl-2-specific inhibitor HA14-1. 37 As shown in Figure 8a , a combination of HA14-1 and STP induced apoptosis in control C2C12 cells (top two panels). With mtDNA-depleted cells, HA14-1 alone had no effect, while cells exposed to both STP and HA14-1 showed 5-6% of cells undergoing apoptosis. This level is similar to the level obtained with STP alone in Figure 2a indicating that HA14 addition had no significant effect on the STP-mediated apoptosis in mtDNA-depleted cells. These results suggest that overexpressed Bcl-2 in mtDNA-depleted cells may not be the cause of resistance to STP-induced apoptosis.
Caspase 8-mediated processing of p21 Bid is thought to be another critical step in the execution of some apoptotic signals. Specifically, activated p17 tBid is thought to induce membrane permeability by heterodimerization with other channel-forming proteins in the outer membrane such as BAD and Bax. [38] [39] [40] We therefore investigated the effects of added tBid to mitochondria from different sources on cyt c release. It is seen from Figure 8b (lanes 1-3) that isolated mitochondria from control, depleted and reverted cells did not release detectable levels of cyt c by in vitro incubation without 
Discussion
It is well established that mitochondria not only help integrate and amplify both extrinsic and intrinsic apoptotic signals, but also execute cell death by releasing various proapoptotic proteins including cyt c, Smac/DIABLO and procaspases to the cytoplasm. Among the many mechanisms proposed, the more widely accepted one implies that the relative abundance of the pro-and antiapoptotic Bcl-2 family proteins in the mitochondrial membrane and their molecular interactions control the release of cyt c and other proapoptotic proteins. 5, 13, [41] [42] [43] [44] Specifically, association of Bcl-2 with proapoptotic tBid, BAD, and Bax renders protection against apoptosis. On the other hand, a stoichiometric increase in the levels of proapoptotic proteins or their release from Bcl-2 leading to hetero-or homodimerization with Bid is a dominant factor in the execution of death signals. 45, 46 Some studies suggest that the proapoptotic proteins form an ordered cluster on the outer membrane as pores or channels thus releasing cyt c, 5, 47 which in turn perturbs the inner membrane and causes the collapse of DC m . Other studies imply that proapoptotic proteins may induce PTP by direct interaction with voltagedependent anion channel (VDAC) and adenine nucleotide translocator (ANT), thus causing the release of proapoptotic proteins from both mitochondrial matrix and intermembrane space. [41] [42] [43] [44] In this study, we show that impaired Bid processing and altered targeting of proapoptotic proteins to mitochondrial inner membrane under mitochondrial stress conditions impart resistance to apoptosis.
Results presented in this paper show that both mitochondrial genetic stress (loss of DC m due to mtDNA depletion) and chemical stress (loss of DC m by treatment with mitochondrial ionophore, CCCP) in C2C12 myocytes induce the steadystate levels of antiapoptotic protein Bcl-2, and Survivin and proapoptotic proteins BAD, Bid and Bax. Despite the induced levels of various apoptotic markers and vastly reduced DC m , under the mitochondrial stress conditions, both C2C12 myocytes and A549 lung carcinoma cells (the latter results not shown) developed resistance to STP-mediated cell death. We also observed that under stress conditions, the cellular activity for processing p21 Bid was vastly reduced, in addition to markedly increased levels of mitochondrial Bcl-2, Bid, BAD and Bax. Notably, all the three proapoptotic proteins were predominantly partitioned to the inner membrane, while Bcl-2 was mostly localized on the outer membrane. Furthermore, inner membrane-associated BAD was mostly unphosphorylated, while the relatively smaller pool of BAD associated with the outer membrane was phosphorylated. Our results show that despite a markedly increased antiapoptotic Bcl-2, its specific inhibitor, HA14-1 had no significant effect on STPmediated apoptosis in mtDNA-depleted cells probably because of physical separation of anti-and proapoptotic proteins. The nature of pro-and antiapoptotic proteins induced, their intramitochondrial locations, and the effects of various inhibitors are listed in Table 1 .
Processing of 21 kDa Bid protein to an active C-terminal 17 kDa tBid is regarded as an important step in the signal amplification of the extrinsic pathway such as that initiated by TNFa. It is believed that caspase 8-or myristoylationmediated 48 processing helps targeting tBid to mitochondrial Actin Figure 5 Effects of STP and mitochondrial stress on the activation of various caspases. Cytosolic proteins (30 mg each) from control, mtDNA-depleted, reverted, and CCCP (25 mM for 4 h) treated cells were subjected to immunoblot analysis. Three identically run blots were probed with antibodies to caspases 3, 9 and 8 as indicated. The blots were stripped and reprobed with antibody to bactin. All three blots yielded similar patterns with b-actin antibody, though only one of them is presented. Treatment with STP was as described in Figure 2 outer membrane compartment where it can heterodimerize with members of proapoptotic proteins to form multisubunit channels or pores. It is also known that phosphorylation of tBid and other proapoptotic proteins by Raf1 kinase converts them to inactive forms, thus rendering protection against apoptosis. As part of a mechanism for survival factor induced resistance to apoptosis, some studies show that BAD disassociates from Bcl-X L or Bcl-2 on phosphorylation and gets released to the cytosol, where it is sequestered by 14-3-3 protein. [49] [50] [51] In cells subjected to mitochondrial stress, however, induced BAD, Bax and Bid were sequestered on the inner membrane ( Figure 6 ) providing a rational basis for the observed resistance to apoptosis. Thus, a grossly altered shuttling of proapoptotic proteins to mitochondrial inner membrane may be a special feature of the mitochondrial stress signaling. Although the precise reasons for the altered protein sequestration remain unclear, vastly reduced ATP production, and or, disrupted transmembrane potential might be responsible.
An important observation of our study relates to the effects of processed tBid on cyt c release (Figure 8 ) by mtDNAdepleted cell mitochondria. Notably, under in vitro conditions, processed tBid or cytosolic fraction from STP-treated cells, which contains tBid, readily induced cyt c release from mitochondria from mtDNA-depleted cells. These results suggest that externally added tBid is able to interact with inner membrane localized BAD and Bax and induce PTP formation. We propose two alternative possibilities to account for the observed tBid-mediated cyt c release: (1) by a yet unknown mechanism, externally added tBid may be targeted to the inner membrane where it associates with proapoptotic proteins. The protein complexes may then be translocated to the outer membrane by shuttling through the inner-outer membrane contact points, where they form functional pores. ( 2) The added tBid may associate with proapoptotic proteins BAD and Bax at the inner-outer membrane junctions and the complex then sequesters on the outer membrane to form PTP by an unknown mechanism. Based on the insensitivity of mtDNA-depleted cells to Bcl-2 inhibitor HA14-1, and sensitivity of mitochondria from mtDNA-depleted cells to added tBid, we propose that inability to process p21 Bid into p17 tBid is a major factor in acquired resistance to STP-mediated apoptosis in cells subjected to mitochondrial stress. Based ) treated with or without STP were subjected to trypsin or digitonin treatment as described in the Materials and Methods section. Proteins (25 mg) from untreated mitochondria, trypsin-treated and digitonin-treated mitochondria were subjected to immunoblot analysis with indicated antibodies. Treatment with STP was as described in Figure 2 on these results, we propose a hypothetical model (Figure 9 ) on the mechanism of acquired resistance to apoptosis in C2C12 rhabdomyocytes subjected to mitochondrial stress. Direct evidence for the role of mitochondrial stress signaling in bringing about the biochemical and phenotypic changes and hence the development of resistance to apoptosis comes from experiments using reverted cells with restored mtDNA content and reestablished DC m . Our results show that reverted cells containing B90% mtDNA content of control cells contain Bcl-2, BAD, and Bax protein levels close to control cells. Additionally, the proapoptotic proteins, BAD, Bid and Bax are mostly localized to the outer mitochondrial membrane and remain mostly unphosphorylated in reverted cells in response to STP (results not shown). Accordingly, the reverted cells respond to STP-mediated apoptosis at the level similar to the control cells. These results for the first time establish a direct link between mitochondrial stress, disruption of DC m , and development of resistance to apoptosis. Our results with C2C12 myocytes and A549 cells (results not shown) demonstrate that despite the loss of DC m , cells subjected to mitochondrial stress fail to release proapoptotic proteins, cyt c and Smac, and execute the death signal. In this regard, present results show that disruption of DC m alone is not sufficient to activate PTP as proposed in some models. 1, 52 Studies using cell lines devoid of mtDNA (r1 cells) from mammalian sources have yielded contradictory results on the possible role of mitochondrial dysfunction in apoptosis. Some studies show that mtDNA depletion and associated mitochondrial structural and functional changes resulted in induced cellular apoptosis. 18, 19 Studies by other groups including ours, [23] [24] [25] 52 on the other hand, show that in osteosarcoma, C2C12 rhabdomyoblasts and A549 lung carcinoma cells mtDNA depletion, loss of DC m and impaired OXPHOS do not contribute to cellular apoptosis. Instead the loss of mtDNA and thus the membrane potential rendered the cells resistant to apoptosis. In osteosarcoma cells, Dey and Moraes 52 found that overexpression of antiapoptotic protein Bcl-2 in response to mtDNA depletion as the major cause of resistance to apoptosis. In the present study, we show that altered compartmentalization of antiapoptotic proteins on the inner membrane and impaired activity for processing Bid protein as the possible causes of resistance to death signal. Figure 6 ) and cytosolic proteins (500 mg each) from STP-treated and untreated control and mtDNA-depleted cells were immunoprecipitated with polyclonal antibody to BAD. The immunoprecipitates were devided into two equal portions and subjected to electrophoretic resolution on two identical SDSpolyacrylamide gels. One gel was probed with antibody to BAD and the companion gel was probed with antibody to Phospho-Ser. Treatment with STP was as described in Figure 2 . (b) Proteins solubilized from digitonin-stripped mitochondria (mitoplasts from Figure 6 ; 500 mg each) were subjected to immunoprecipitation as in (a), and probed with antibody to phosphor-Ser and BAD as described for panel a. The blots were stripped and reprobed with antibody to Adx to assess the loading levels. (c) Postmitochondrial supernatant fractions (25 mg each) from control and mtDNA-depleted cells were subjected to immunoblot analysis with antibody to AKT A large number of studies with mtDNA-depleted tumor cell lines aimed at assessing the role of mitochondrial function in tumorigenicity have also yielded mixed results. 53 Cavalli et al. 54 found diminished tumor formation by mtDNA-depleted (r1) glioblastoma and breast and brain tumor cells. Arnould et al. 55 showed reduced proliferation of osteosarcoma cells following mtDNA depletion. However, Morais et al. 56 Biswas et al. 23 and Amuthan et al. 25 found increased capacity to proliferate and form tumors in vivo and in vitro by cervical carcinoma, osteosarcoma, C2C12 rhabdomyosarcoma, and lung carcinoma cells subjected to mitochondrial stress. It is also known that mtDNA depletion renders some cells more sensitive to apoptotic stimuli, 57 while opposite effects have been reported in other cells. 52 In this regard, C2C12 and A549 lung carcinoma cells belong to the latter category since mtDNA depletion makes these cells more resistant to STPmediated apoptosis. It is quite likely that the disparity in the literature on the role of mtDNA depletion on tumorigenic properties of different cells is related to the ability of different cell types to resist apoptosis. 53 We therefore propose that the observed resistance to apoptosis in C2C12 rhabdomyoblasts and A549 cells (results not shown) is directly or indirectly related to their increased invasive behavior and tumorigenic property.
Materials and Methods

Cell lines and treatment
C2C12 skeletal myoblasts were grown in high glucose DMEM (Life Technology Inc) containing 10% fetal bovine serum and 0.1% gentamicin. Depletion of mtDNA was carried out by ethidium bromide treatment (100 ng/ml) for B70 passages as described before. 23 Clones of cells containing 40-80% reduced mtDNA contents were selected and grown in presence of 1 mM sodium pyruvate and 50 mg/ml uridine, 23 and frozen as aliquots in liquid N 2 . One cell line exhibiting 480% reduction in mtDNA content (hereafter referred to as mtDNA-depleted cells) was grown for 50 cycles in the absence of ethidium bromide to generate reverted cells whose mtDNA content was restored to about 90% of control cell level. To ensure uniform levels of mtDNA, aliquots of the same cell isolates were used in all experiments and the mtDNA levels were assessed before each experiment.
Assay for apoptosis
Both normal and mtDNA-depleted cells were grown on lysine coated glass coverslips in six-well plates. The cells were treated with 2 mM STP for 4 h to induce apoptosis. The extent of nuclear DNA breaks characteristic of cells undergoing apoptosis was measured by the TUNEL assay where cells were labeled with antidigoxigenin fluorescein (anti-DGX-Fl) using the ApopTag Fluorescein, from the In situ Apoptosis detection kit obtained from Intergen Company, as per the manufacturer's instructions. The coverslips were mounted on slides using mounting medium from the Prolong Antifade kit (Molecular Probes) mixed with 4 0 , 6-Diamidino-2-phenylindole (DAPI) to stain the nucleus. The slides were subjected to fluorescence microscopy at Ex/Em-350/470 for DAPI and Ex/Em-496/518 for FITC using Olympus BX61 fluorescence microscope.
Isolation of mitochondria
Cells were harvested in mitochondrial isolation buffer (MIB) containing 210 mM mannitol, 60 mM sucrose, 10 mM KCl, 10 mM sodium succinate, 5 mM EGTA, 2 mM HEPES-KOH (pH 7.4), 0.5 mM DTT, 1 mM PMSF and COMPLETE protease inhibitor cocktail from Roche Biochemicals. The cells were homogenized in a handheld glass homogenizer (B35 up and down strokes) and mitochondria were isolated by differential centrifugation as described earlier. 23, 26 In order to reduce the level of crosscontamination, mitochondrial suspension in 200 ml of MIB was overlaid on a 0.8 M sucrose cushion, and centrifuged at 13 500 Â r.p.m. for 30 min at 41C. Resulting mitochondrial pellet was assayed for mitochondrial and ER marker enzymes 26 and was routinely found to contain less than 1% contamination. Cytosolic fraction was obtained by centrifugation of the postmitochondrial supernatant at 120 000 Â g for 1 h in Sorvall RC M120EX microcentrifuge.
In some experiments, mitochondrial preparations were treated with digitonin (75 mg digitonin/mg mitochondrial protein in 1 ml of MIB) for 2 min on ice. Digitonin was diluted with 4 Â volume of MIB and the resulting mitoplasts, relatively free of outer membrane, were pelleted down by centrifugation at 13 000 Â g as described above. In some experiments, mitochondrial preparations were treated with trypsin (30 mg trypsin/mg protein in 0.1 ml of MIB) for 20 min on ice as described before. 27 The reaction mixture was treated with 10 M excess of trypsin inhibitor, and Counterstaining with DAPI was also as described in Figure 2a . (b) Effects of added tBid on cytochrome c release. In vitro reactions with intact isolated mitochondria from control and mtDNA-depleted cells (100 mg in 30 ml reaction volume) were carried out as described in the Materials and Methods section. In some reactions, cytosol from control C2C12 cells, cells treated with STP or cytosol depleted of cyt c ( þ ¼ 30 mg, and þ þ ¼ 60 mg protein) were added. The post mitochondrial fractions from these incubations were subjected to immunoblot analysis using antibody to cyt c as described in the Materials and Methods section mitochondria were recovered by sedimentation through 0.8 M sucrose as described above.
Immunoblot analysis
The protein content was estimated by Lowry's method. 28 Cytosolic or mitochondrial proteins (30 mg) solubilized in Laemmli's sample buffer were resolved by electrophoresis on 10% Tricine gels and subjected to immunoblot analysis using respective antibodies. The types and sources of antibodies used were: monoclonal antibodies against human COX I from Molecular Probes Inc. (OR, USA) and polyclonal antibodies against human adrenodoxin (Adx) were generated in house. 27 Polyclonal antibodies against cyt c, Smac, Actin, Bax, BAD, Bid, Bcl-X, Bcl-2, Survivin, caspases 3, 8, and 9, and AKT were from Santa Cruz Biotech. The immunoblots were developed using Pierce super signal reagent as described before. 23 
Mitochondrial membrane potential (DW m )
The DC m was assayed spectrofluorometrically by loading the cells with a cationic dye, Mito Tracker Orange (MTO) CM-H 2 TMRos (Molecular Probe Inc.) The reduced form of the dye is taken up by mitochondria in proportion to DC m , which fluoresces upon oxidation inside respiring mitochondria. The DC m was measured using a procedure described before. 25 Cells were loaded with the dye using a procedure modified from Szalai et al. 29 Briefly, control and STP-treated cells were trypsinized and washed once with serum-free medium and pelleted down at low speed. The cell pellet was suspended and washed in extra cellular buffer (ECM) containing 120 mM NaCl, 5 mM KCl, 1 mM KH 2 PO 4 , 0.2 mM MgCl 2 , 0.1 mM EGTA, 20 mM HEPES-Tris, pH 7.2. Each assay was carried out with B8 Â 10 6 cells suspended in 1 ml of ECM. MTO CM-H 2 TMRos (50 nM/6 Â 10 6 ) was added directly to 1 ml cell suspension in the cuvette. The rate of uptake of the dye was recorded as a measure of DC m using a Delta RAM PTI spectrofluorometer. The dye was excited at 525 nm and fluorescence was detected at 575 nm. The data were recorded as fluorescence units per minute as described before. 25 
Immunocytochemistry
To assess the time course of cyt c release, control and mtDNA-depleted cells were grown on coverslips and treated with 2 mM STP (Sigma Co.) for different time periods. Cells were immunostained with cyt c antibody as described before. 23 Briefly, cells were fixed with 2% paraformaldehyde (30 min), permeabilized with 0.1% Triton X-100 (10 min) and blocked with 5% goat serum for 1 h at 371C. Cells were immunostained with 1 : 100 dilution of cyt c antibody (Santa Cruz Biotech. Inc.) for 1 h at 371C. Cells were rinsed with phosphate-buffered saline (PBS) to remove unbound antibody and incubated with 1 : 100 dilutions of fluorescein isothiocyanate (FITC)-conjugated anti-mouse antibody (Jackson ImmunoResearch laboratories, Inc., West Grove, PA, USA), for 1 h at 371C. Unbound secondary antibodies were removed by repeated washing with PBS. Fluorescence microscopy was carried out under a TCS laser scanning microscope (Leica Inc., Deerfield, IL, USA). Optical sections of 0.5 mm were scanned at the z-axis.
Immunoprecipitation of BAD
Immunoprecipitaion of BAD from mitochondria and cytosol was carried out using 500 mg of cytosolic or mitochondrial proteins. Mitochondrial proteins were solubilized in a buffer containing 10 mM Tris-Cl, pH 7.4, 10% glycerol, 0.5 mM EDTA, 0.1% NP40 and 0.1% Triton X-100 and protease inhibitors on a rotating shaker overnight at 41C. The soluble fraction was Figure 9 A model for mitochondrial stress-induced resistance to apoptosis in C2C12 cells. Note that the major part of the mitochondrial BAD, Bax and Bid protein pool is associated with the inner membrane and mostly remains unphosphorylated. A relatively small fraction of BAD, which is phosphoryalted and all of Bcl-2/Bcl-X L are associated with outer membrane. The model suggests that although Bcl-2/Bcl-X L levels are markedly increased during mitochondrial stress, they may not be the primary cause of acquired resistance to apoptosis because of their inability to sequester proapoptotic proteins localized on the inner membrane. Based on the effects of added tBid in the in vitro system, the model suggests that inability to process Bid is a major reason for acquired resistance to apoptosis in mtDNA-depleted cells recovered by centrifugation at 100 000 Â g for 45 min in Sorvall RC M120EX microcentrifuge. Cytosolic fraction was isolated as described before. 23 Immunoprecipitation of mitochondrial and cytosolic proteins with BAD antibody (Santa Cruz Biotech. Inc.) was carried out using the protein A-agarose pull-down method as previously described. 30 The immunoprecipitates were extracted from the beads with 2 Â Laemmli buffer devoid of b-mercaptoethanol at 951C for 5 min. The samples were analyzed by Western blot analysis using antibody to phospho-Ser (SigmaAldrich).
Immunodepletion of cytochrome c from the cytosolic fraction Anti-cyt c antibody (6H2. B4, from Pharmingen), which recognizes the native form of cyt c was used to deplete cyt c from the cytosolic fractions of STP treated and untreated cells as described by Liu et al. 31 An amount of 50 ml of the antibody was incubated with 50 ml slurry of protein Aconjugated agarose in a final volume of 200 ml in 1 Â PBS containing protease inhibitors. The incubation was carried out at 41C for 4 h. The agarose beads were collected by centrifugation, supernatant was removed and the pellet was washed twice with 1 Â PBS containing the protease inhibitors. The pellet was incubated with 1 ml of cytosolic protein (5 mg protein) from STP-treated control cells for 4 h at 41C on a tilt shaker. The immunodepleted supernatant was recovered by centrifugation at 100 000 Â g in a microultracentrifuge for 10 min, and the supernatant was checked for cyt c content by immunoblot analysis. Cytosolic fraction free of detectable cyt c was stored at À801C until use.
Assay of cytochrome c release by isolated mitochondria in response to tBid addition cyt c release in response to added tBid was assayed in vitro using isolated mitochondria and cytosolic fractions essentially as described by Wei et al. 32 and Luo et al. 33 Briefly, reaction was carried out with 100 mg mitochondrial protein in 30 ml of assay mixture containing 250 mM sucrose, 10 mM HEPES, 1 mM ATP, 5 mM succinate, 80 mM ADP, 2 mM K 2 HPO 4 (pH 7.4), 2 mM Mg(C 2 H 3 O 2 ) 2 , 80 mM KCl. Purified recombinant tBid (10 or 25 nM, Sigma-Aldrich) was added to the tubes and the reaction was carried out at 301C for 30 min. In some reactions, the mitochondrial suspensions were incubated with 30 or 60 mg of cytosolic protein from STP treated, cyt c immunodepleted, or untreated control cells. At the end of reaction, the mitochondria were pelleted down at 12 000 Â g for 5 min at 41C, washed with MIB and the supernatant was mixed with 5 ml of 6 Â Laemmli's sample buffer. The mitochondrial pellet was suspended in 30 ml of 1 Â Laemmli's sample buffer. The proteins were resolved on a 14% SDS-PAGE and analyzed by Western blot using cyt c antibody.
